Accurate temperature measurements of a photovoltaic (PV) device are not always straightforward. Compromises between accuracy and spatial resolution often have to be made to give either quantitative single point measurements or qualitative spatial measurements. Phosphor thermometry is demonstrated in this work to measure the temperature of an encapsulated silicon photovoltaic device with uncertainty less than 1 • C. Comparisons with contact thermocouple probes are made under external white-light illumination and internal resistive heating. Under similar conditions, phosphor thermal imaging shows less sensitivity to sources of uncertainty such as poor probe positioning and reduced thermal contact, allowing the detection of faults and shunt induced thermal hot spots in encapsulated PV devices with a higher degree of confidence.
INTRODUCTION
Measuring the operating temperature of photovoltaic (PV) devices is a crucial aspect of PV characterisation. Although PV cell and module performances are usually rated at standard test conditions (STC-25 • C, 1000 Wm −2 with AM1.5 spectrum), actual outdoor operating conditions of PV modules include a large temperature range that depends on the location of an installation and the mounting configuration. 1 The operating temperature of PV cells will always influence their performance parameters, 2,3 resulting in a direct impact on the energy yield of PV systems. The magnitude of the influence is reflected by the temperature coefficient of each parameter of a PV device. 4 As a result, the accuracy of temperature measurement determines the accuracy of temperature coefficients and resulting energy rating of PV products. 5, 6 Accurate operating temperature measurements are also crucial for validating modelling techniques of thermal and electrical behaviour for PV devices. 7 Currently, temperature measurements of PV devices in the laboratory or outdoors are usually acquired using contact electrical sensors for point measurements, 8 while infrared thermography (IRT) is used for larger area imaging of PV modules. 9 Calibrated thermocouples offer accurate measurements but have to be in contact with the sample to be measured. This may be difficult or inconvenient for small-area or fragile research samples. For encapsulated PV devices, temperature is usually probed at the external surface of the encapsulation, which is at a different temperature from the actual operating temperature inside the encapsulation. 10 This may be more pronounced in glass-glass configurations of encapsulated PV devices, such as thin-film or bifacial PV modules. 11 In cases of encapsulated samples, which account for the vast majority of PV modules, a correction is applied in order to calculate the equivalent cell temperature. 12 IRT imaging on the other hand is usually employed outdoors for detecting local defects in PV modules. 13 measured surface, quantification of the reflected thermal radiation at the sample surface, distance from sample and environmental conditions during measurements. Importantly, glass encapsulation for PV modules strongly attenuates transmission of thermal radiation in the range 7 m to 13 m, which corresponds to the temperature range 25 • C to 100 • C so thermal imagers cannot measure beneath the glass surface. Clearly, a method to measure temperature accurately through encapsulation but also independently of surface emissivity is needed.
In this work, an accurate temperature measurement method for PV devices is presented, based on phosphor thermometry. 14 
Phosphors
are materials with temperature-dependent luminescence properties, 15 typically composed of activator-doped heavy metal compounds containing inorganic ceramics. [16] [17] [18] [19] The method presented here requires a thin coating of phosphor mixed with a suitable binder, sprayed on the surface to be measured. The coating is interrogated optically, using pulsed UV excitation to generate visible emission from the phosphor, the intensity of which is measured in the time domain. The time-domain intensity decay is converted into a temperature via calibration. Phosphor coatings as temperature sensors have a number of advantages over traditional electrical probes and IRT. For example, IRT requires prior knowledge of the surface emissivity and level of reflected background thermal radiation. The effectiveness of electrical contact sensors on the other hand relies on the positioning of the sensor, as well as its thermal contact with the sample, so that when used alone, it is difficult to provide temperature information for the entire device. These problems do not affect thermographic phosphors, as they are deposited as a large-area coating, spatially resolving the temperature distribution of a PV device. As they emit in the visible range, phosphors are immune to emissivity issues and are suitable for measurements of glass-encapsulated PV devices. Lastly, due to the contactless nature of the probe, thermographic phosphors enable wire-free internal temperature measurements.
In this paper, a crystalline silicon photovoltaic device with thermographic phosphor (TP) coating as well as thermocouple (TC) sensors applied and fully encapsulated onto its back-contact has been used to demonstrate the accuracy of this method for PV applications. Contactless temperature measurements are performed in situ and temperature measurement uncertainty of less than 1 • C is achieved. Due to the contactless nature of the optical probe, it is useful for providing temperature readings in cases where the use of thermocouples is difficult or impossible, due to the architecture of samples or the type of encapsulation. Apart from the greater accuracy, an additional advantage is the spatial information this method can provide. As it is demonstrated, ''heat maps'' of coated areas can be acquired rapidly, even through the glass-PDMS encapsulation, without compromising measurement accuracy. This technique could directly lead to thermal model validation for PV devices as well as heat transfer studies on encapsulated PV modules. To the authors' knowledge, this is the first report of phosphor thermometry being used to measure spatial temperature distributions below the surface of the encapsulation in a PV device, something that is not possible with conventional radiation-based temperature measurements due to wavelength constraints.
METHOD

Phosphor coating
Manganese-activated magnesium fluorogermanate (Mg 4 FGeO 6 :Mn) was selected as the thermographic phosphor (TP) for this application.
On absorbing ultraviolet radiation, 20 it phosphoresces with two characteristic emission peaks, 631 nm and 657 nm, a typical spectrum is shown Figure 1A , recorded at room temperature. Radiative and non-radiative recombination in TPs are highly sensitive to temperature, allowing them to be used as thermometers. 21 Mg 4 FGeO 6 :Mn is commercially available as a powder and can be mixed with a range of binders to form coatings. In this work, the phosphors (OSRAM Phosphor SV 067 N Magnesium-Fluorogermanate, Manganaktiviert, Lot 48) were mixed with a high-temperature binder (Aremco ceramabind FIGURE 1 Thermographic phosphor measurement method. A, Emission spectrum of phosphor, recorded at room temperature. The longer wavelength emission band at 657 nm is filtered using a 660 nm bandpass filter. B,-C, Images are captured at times t 1 , t 2 and t 3 after the excitation is switched off by sending triggers to the CMOS camera. Pixel-for-pixel, image 3 (sampled background) is subtracted from image 1 and image 2 and then the ratio of image 2 to image 1 is calculated. From this, the temperature dependent decay time p can be evaluated [Colour figure can be viewed at wileyonlinelibrary.com] 643-2) in the ratio 0.9 ∶ 1 by weight in a small ampoule placed into an ultrasonic bath. The mixture was then deposited onto a part of the back contact of our PV device using a commercial spray gun; the deposited coating was allowed to dry completely prior to the encapsulation process, to avoid any diffusion of phosphor powder into the encapsulation material. During spraying, the gun was held approximately 20 cm away from the PV device; this procedure ensures repeatability of the deposited thickness to be between 50 m and 100 m.
Sensor encapsulation
The Si PV cell (2 cm × 2 cm in size) has a standard configuration with a printed metal grid top-contact and aluminium back-contact. Contacts were extended to the outside of the encapsulation using adhesive conductive tape to attach wires on the front-and back-contact of the device. Then a layer of TP was deposited on half of the back contact using spray coating, as shown front in Figure 2A as P I . Two internal thermocouples, TC i1 andTC i2 , were placed on the remaining half of the back-contact that was not coated and fixed using polyimide tapes.
Next, a layer of 3-mm-thick polydimethylsiloxane (PDMS, Sylgard-184)
was half-cured (room temperature, 24 hours), then laminated on top of the internal TP coating P I as well as the internal TCs. During the half-cure, another thermocouple TC e was inserted into the PDMS, monitoring the encapsulation temperature. The device was finally encapsulated between two clear 5-mm-thick glass panes, using PDMS as the encapsulation material. The whole device was then cured (room temperature, 48 hours). Lastly, to obtain the temperature on the outer surface of the device, another TP coating was applied onto the glass pane covering the back-contact, corresponding to P o in Figure 2A , as well as attaching thermocouple TC o next to it. Temperature data from TCs (all K-type) including a further thermocouple measuring the lab temperature were acquired using a multi-channel temperature logger (Pico USB TC-08).
There are two temperature-dependent properties of the phosphor coating that can be measured: intensity and decay lifetime. Increases in the surrounding temperature results in additional non-radiative decay channels, quenching the radiative intensity and also reducing the overall transition lifetime. Figure The phosphor decay time is measured on a pixel-by-pixel basis using the CMOS camera, offering the ability to map surface temperatures quickly and efficiently. As presented in Figure 1B -C, a single measurement comprises the capture of three images on each excitation cycle.
By capturing the images at different times after the excitation light is turned off, and with a fixed exposure Δt, it is possible to measure two specific time-integrated portions of the phosphorescence decay curve and a third for the background light level. Once the background is removed, the phosphor decay time can be determined, which is calibrated against a temperature reference. The camera takes three timed exposures I 1 , I 2 , and I 3 at times t 1 , t 2 and t 3 respectively, each Δt in duration. If t 1 = 0, ie, the image is taken immediately after the excitation is turned off, the decay time p can be expressed simply as
The third exposure I 3 , at t 3 accounts for ambient background light reflected from the phosphor, including excitation from stray light in the lab-this is subtracted from I 1 and I 2 prior to calculation of the ratio. In contrast to existing methods, 22, 23 this approach does not rely on fast acquisition electronics and the timing parameters t 2 and Δt are not limited to fixed values. A more detailed description of this technique can be found in the Supporting Information. It is found that by optimizing the value of t 2 , it is pos- 
RESULTS
Ambient measurement
The results of monitoring the temperature while the sample is in thermal equilibrium at room temperature are presented in Figure 3 , where temperature measurements using TP coatings are compared with a thermocouple. In Figure 3A , temperature maps from the phosphors are produced for TPs placed inside and outside the sample. Each pixel in the image is effectively a temperature sensing element. Low-noise temperature readings of the PV device can be realised by appropriately choosing the number of pixels to average over. In this case, by selecting the area indicated by the dashed box in Figure 3A , the average temperature value of pixels in this area over time was monitored and presented in Figure 3B . Measurement noise is inherent to the optical nature of the measurement. This includes shot noise, the incomplete rejection of background phosphor excitation, and trigger timing jitter.
For all measurements in this work, an 8 × 8 pixel binning algorithm was applied on the CMOS temperature maps after the temperature data had been calculated, in order to increase the signal-to-noise ratio.
As the binning was applied over all pixels of the ''heat map,'' pixels near the edge of phosphor show an apparent colder temperature.
However, this does not affect the interpretation of the temperature in general as it is a processing artefact. In Figure 3B 
External high-power illumination test
Internal resistive heating test
In the presence of electrical faults or shunting in PV cells, dynamic temperature gradients can be introduced in the plane of the back-contact.
High current density shunts are simulated by contacting the PV device and applying strong forward bias to induce resistive heating.
As demonstrated in the previous section, area averaging is a powerful tool for thermal imaging using the phosphor coatings, as it significantly improves the repeatability of a measurement by averaging over many pixels in regions of interests. Previously, we averaged When considering the presence of faults and shunts in a PV device, sharp temperature gradients could be smoothed out by applying area averaging. Clearly, the size of the areas must be chosen with care. The inset of Figure 5C shows the measurement regions of the TP coatings and TCs as well as three areas of the phosphor coating inside the sample TP i1 , TP i2 , TP i3 and one outside TP o . In this case, these areas are much smaller than those chosen previously.
Temperature measurements were started 1 minute before turning the sample current bias ''on'', to record the initial temperature baseline.
The PV device was then forward-biased at 2 V for 2,000 seconds, before turning the power off and allowing the sample to cool naturally to ambient equilibrium. Figure 5 shows the plots of temperature against time curves for all the sensing elements in this resistive thermal cycle.
A small temperature spike is observed at 500 seconds ( Figure 5B artefact i), for all TPs inside the sample and all the TCs except TC e , which is embedded in the encapsulating PDMS. In particular, we note that the size of the temperature spike is largest for TP i1 and significantly smaller for TP i2 and TP i3 . TP i1 covered the conductive adhesive closer to the position of the wiring of the back-contact, which is expected to have a higher current density when the bias is applied to the cell, hence higher temperature compared with the rest of the device. This temperature gradient is evidenced by the fact that TP i1 > TP i2 > TP i3 during resistive heating. The origin of the spike is most likely due to a contacting fault initiated at that temperature. At the end of the cooling phase, shown in Figure 5D , temperatures from all sensors can be seen to be converging to ambient. Minor temperature offsets between sensors are similar in magnitude to the previous measurement in ambient.
DISCUSSION
Thermocouples and other electrical contact sensors provide single point measurements, corresponding to the point of least thermal contact resistance between the sensor and the device. The effectiveness of such sensors to measure shunts is highly dependent on their proximity and as such could lead to false conclusions. Phosphors by contrast avoid this difficulty as the coating itself is highly uniform and has good thermal contact with the device, allowing a low-uncertainty temperature measurement wherever the phosphor is in contact with the device. As shown, under internal resistive heating, the enhanced current density around the contacts caused the appearance of a jump in the recorded phosphor temperatures, effectively simulating a shunt that can cause localised temperature hotspots to appear on PV devices.
In comparison, the thermocouples only detected a small change, as their placement was far away from the hotspot. Moreover, the agreement of the two sensors outside the PV device demonstrated that measuring only the exterior temperature, which is a limitation of IRT, not only underestimates the true device temperature but also masks rapid temperature changes, due to the slow thermal transfer through the encapsulation layers.
Importantly, phosphor thermometry is a powerful technique that provides quantitative, multi-point temperature measurement, independent of emissivity, and that measures the temperature of photovoltaic devices within the encapsulation. During the high power illumination test, we showed that phosphors are at least as good as contact thermocouples with less than 0.5 • C offset between the two measurements. Temperature fluctuations on the outside also agreed qualitatively. By comparison, shunts and other temperature artefacts are merely pinpointed using empirical rules 9, 25 in passive IRT as the measured temperature is of the external glass surface only. While active infrared thermography techniques, 26 including pulsed and lock-in thermography, also allow quantitative information to be collected, they rely on complex acquisition hardware and data reduction that adds to the overhead of temperature characterisation.
Spatial averaging on the thermal image of the phosphor must be applied with care to appropriately trade-off the signal-to-noise ratio with spatial information resolution. For the measurement case of LED illuminated heating, a large area (25 × 120) with 3,000 pixels was selected in order to probe the temperature using the phosphor coating;
the spatial temperature gradient was expected to be negligible in this case. This allowed the temperature to be measured with high degree of precision. On the other hand, the resistive heating measurement introduced lateral temperature gradients that occurred over short time-scales such that larger measurement areas would have obscured fine details. In the case of real modules, these features could be suggestive of faults and hence important to detect. Figure 6 shows, in temperature terms, the standard deviation in phosphor temperature, as a function of PV device can clearly be seen. In Figure 7B , we can additionally see that there is variation in temperature horizontally, especially where the contacting tapes are positioned.
This particular image is in a sequence of images acquired with a frequency of 2 Hz by the instrument. Faster sampling could be achieved with improved instrumentation. Acquisition of accurate spatially-resolved temperature profiles with a high sampling rate can be extremely useful for studying the thermal behaviour of PV devices and for validating thermal models and simulations with real data.
CONCLUSION
In situ contactless thermometry of an encapsulated PV device has been demonstrated for the first time, by directly depositing thermographic phosphor onto the encapsulated back-contacts and optically interrogating the temperature in the time domain. Under similar heating conditions, temperature of the PV device measured using the phosphor coating and the embedded thermocouples agreed in general within less than 1 • C. As the temperature is acquired from measurement of the emission intensity decay in the visible range, the material-specific emissivity no longer limits the accuracy in the interpretation of the measurement. Thus, quantitative conclusions may be drawn and, upon an appropriate calibration with a temperature standard, traceability can be achieved. A CMOS camera enabled the imaging of the intensity decay time p over both phosphor coatings inside and outside of the device. Using the calibrated devices, temperature heat maps were produced from the p images in real time during heat transfer studies. It has been highlighted using resistive heating that dynamic temperature changes on the PV device cannot be measured effectively outside the encapsulation but can also be problematic for internal thermocouples due to poor positioning. It is then apparent that for real encapsulated PV devices undergoing performance evaluation, lone measurements using either IRT or contact electrical probes will be insufficient for measurement of the true temperature.
With the in situ phosphor coating and the contactless optical measurement scheme, spatially-resolved temperature information can be obtained, without compromising accuracy. This result represents a significant advance for the characterisation of the true temperature of PV devices, allowing traceable studies of heat transfer in real time. Different thermographic phosphors can be considered, along with optimised sampling methods to increase temporal and spatial resolution. PV thermal models also potentially benefit as phosphor thermometry provides a route to model validation and the calculation of PV temperature coefficients.
